This work investigates the impact of mud from a zinc-plating plant and zeolite saturated with zinc on early hydration processes of ordinary Portland cement. During the first 48 hours of hydration, the addition of mud significantly affects the cement hydration kinetics. The partial replacement of cement with zeolite saturated with zinc ions, reduces the negative impact of mud on the hydration processes. Samples with the additions showed lower compressive strength than the sample without additions. With regard to the standard limits for this type of cement, mud shares are eligible up to 5 wt. % and a mixture of mud and saturated zeolite up to 10 wt. %.
Introduction
Metal electroplating industries generate large amounts of waste materials that contain heavy metals. These materials cannot be applied for commercial purposes and must be properly disposed. The most commonly binder for the disposal of heavy metal wastes is Portland cement. [1] [2] [3] [4] The reactions of Portland cement and waste materials can be very complex. [5] [6] [7] [8] In general, most of the crystalline calcium silicate from cement reacts with water to form an amorphous hydrated calcium silicate (Tobermorite gel) and crystalline calcium hydroxide (Portlandite). Tobermorite gel is the main binding component of the stabilized waste, while Portlandite creates an alkaline environment (pH > 12). 9 The hydroxide converts heavy metal ions from waste into their poorly soluble hydroxides. Portlandite is partially soluble and over an extended period under the influence of moisture diffuses through the pores, and leaches from the solidified waste. Therefore, its leaching can lead to degradation of the structure of solidified material.
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Hydration of cement can be changed under the influence of heavy metals. 11 Poon et al. concluded that the metals contained in the sparingly soluble hydroxides slow down hydration, while those consisting of soluble hydroxides accelerate hydration processes. 12, 13 Retarder is attributed to the reduction of permeability of the resulting products, which leads to the deposition of undissolved metal gel on the surface of cement particles. 14 The reaction rates of cement phase do not depend only on the composition and structure, but also on the temperature, size, particle shape as well as the presence of added accelerators and retarders (gypsum, calcium chloride, calcium hydroxide, CO 2 ).
In an alkaline environment as present during cement hydration, the surface of cement particles are negatively charged. Although neutral or less positive surface can adsorb metal cations, though most metal cation adsorbed negatively charged surface of the particle. [15] [16] [17] Most available cations in solution are Ca 2+ , and it is believed that the coated surface of the silicate creating a highly charged Ca-layer. Metal anions in solution will compete for adsorption sites, creating an additional layer. Asavapisit et al. examined this competition for adsorption of studying the effects of synthetic zinc hydroxide on Ca 2+ ions during the hydration of ordinary Portland cement. 18 They concluded that during the early hydration of Alite, dissolves large quantities of zinc. They assumed that these ions prevent the formation of Ca(OH) 2 in the first week of Alite hydration. Poon and colleagues through porosity and leaching experiments showed that Zn is stabilized in cement matrix. Observed leaching was not in accordance with the measured porosity of the matrix, and concluded that the chemical stabilization is more important than the physical metal retention in the structure. 12 Replacement supplements include substances that are not good for stabilization of waste, but in combination with cement can be successfully applied for stabilization of wastes. Use of these supplements lies primarily in two basic reasons. The first reason is the achievement of certain changes in cement composites for plastic or solid state composites. Another reason is economical, where expensive cement clinker is replaced with a less expensive material. This supplement has to be integrated into complex processes of hydration. 19 Using of zeolite lot of promises in the stabilization of waste, due to its low cost and able to implement such alternative technologies as compared to expensive chemical and physical removal of contamination. Zeolites are crystalline hydrated aluminosilicates of alkali and alkaline earth elements. Natural zeolites are available in nature and can be used as "crude" material. In addition, they are resistant to the erosion. Lately, natural and modified zeolites have become very popular because of the ability to bind heavy metals and radioactive substances. Application of natural zeolites in the treatment of wastewater contaminated with toxic metals (zinc, iron, chromium etc.) is very large because of the economic viability, excellent physical and chemical properties of zeolites and a very important aspect, environmental acceptability. The structure of zeolite consists of a three-dimensional network (SiO 4 ) 4-and (AlO 4 ) 5-tetrahedra, connected by oxygen. Neutralization of the negative charge at (AlO 4 ) 5- tetrahedra is performed by installing hydrated alkali and alkaline earth metal cations (Na ) entering the cavities and channels which show very high mobility. The structure of the zeolite is different from the other and the other crystalline aluminosilicate materials in the presence of structural voids interconnected channels of a particular size and shape. The nature of free space in dehydrated zeolites is important in determining the physical and chemical properties. A number of studies on the use of natural zeolites as supplementary materials have been published in recent years.
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Poon et al. studied the rate of hydration of cement pastes blended with natural zeolite. 23 Zeolite is added in an amount of 25 wt. % and blended cement samples had almost the same compressive strength as well as cement samples without addition after 28 days of hydration. Krolo et al. studied conduction calorimetry by using zeolite with 40 to 50 % of clinoptilolite with other impurities like illite, clay, feldspar etc. They showed that hydration of the blended samples was enhanced by the presence of zeolite for the first 15 hours of hydration. With the addition of zeolite up to 50 wt. % total heat released was higher than that of control cement sample and the main peak of heat release rate is shifted towards earlier times of hydration. 24 Perakki et al. replaced a cement with natural zeolite by up to 30 wt. %. They examined the content of Ca(OH) 2 in hydrated cement -zeolite pastes by thermogravimetric analysis. The content of Ca(OH) 2 was lower than in control cement paste indicating the pozzolanic reaction of zeolite. 25 Uzal et al. examined the compressive strength of cement samples with addition of zeolite up to 50 wt. %. They concluded that early compressive strength was lower than that of the control cement paste. However, it became higher after 28 days of hydration. 26 In the present study, a mud from a zinc-plating plant and natural zeolite saturated with zinc as supplementary material were added to ordinary Portland cement in different proportions. The primary objective of this research was: determine the acceptable share of mud and the saturated zeolite in the matrix of the new cement composite. This work studied effects of these additions on early hydration processes by determining the heat of hydration and specific electrical conductivity of cement pastes. The Portlandite and chemically bound water content of hydrated cement paste was evaluated by thermogravimetric analysis (TG/DTG). Compressive strength was also tested.
Materials and methods

Materials and sample preparation
For all examined samples an ordinary Portland cement OPC type CEM I 42.5 R was used. OPC was obtained from CEMEX Croatia cement plant from Kaštel Sućurac, Croatia. It shows high early and final strength with a short period of beginning of setting and optimum workability. Its average chemical composition and physical properties are shown in Table 1 . 27 As a supplementary material to cement was used natural zeolite (Donje Jesenje site, Krapina, Croatia) saturated with zinc ions. Saturation is carried out with a solution containing 9.0 mmol dm -3 ZnSO 4 . Zeolite contains the main mineral clinoptilolite and impurities as illite, feldspar and quartz ( Figure 1 ). 24 The chemical composition of the natural zeolite are shown in Table 1 . Saturated zeolite has simulated waste which gets after wastewater treatment in zinc-plating plant.
Mud from a zinc-plating plant ADRIACINK Split, Croatia, was produced by precipitation of zinc plant wastewater with lime and filtration of the pre- (Table 2) . A water to solid ratio of 0.5 was used for all mixes and measurements were carried out at a temperature of 20 °C. The total mass of the solid sample was constant and it was 4 g.
Preparation of samples for conductivity measurement were the same as for the microcalorimetric measurement. The total mass of the solid sample was constant and it was 100 g. Sample was the cylinder height 4 cm and 3 cm in diameter.
Cement pastes for TG/DTG analysis were hydrated 28 days at a constant temperature of 20 °C. After curing time samples were crushed, ground and sieved through a 90 μm sieve.
Cement mortars for determination of compressive strength were prepared according to the standard EN 196-1. The ratio of aggregate and binder (cement + mud + mixture of mud and saturated zeolite) was constant and it was 3 : 1. Standardized quartz sand was used, and the water-cement and the water / solid ratio was constant and was 0.5 for all samples. Prepared samples are placed in a mold dimensions 160x40x40 mm and kept the first 24 hours in a climate chamber at a temperature of 20 °C. After that, samples were cured in thermostatted pool with temperature water T = 20 ± 1 °C.
Methods
Chemical composition of cement and zeolite was determined by an EDXRF Twin-X device, Oxford Instruments.
The effects of admixtures on hydration processes was determined by differential microcalorimeter of the conduction-isoperibolic type. An AL-MEMO 2390-8 data logger, Ahlborn, Germany, was used to trace changes of voltage dU = f(t) due to changes of temperature in the samples during the hydration process. The measured values of thermovoltage are than processed on a computer program and calculated values of total heat released, the heat release rate and relative reaction degree for the first 48 hours of hydration. 28 The specific electrical conductivity is determined by Iskra MA 5964 microprocessor conductometer, Slovenia, connected to a computer via a RS 232 C digital output. The conductivity cell electrodes were made of stainless steel with a constant C = 0.285 cm -1 . The electrodes were polished before the experiment. Samples were placed in the 
Results and discussion
During hydration occurring effects that are manifested in the form of maximum and minimum at different hydration times. The first peak is short in duration and occurs immediately upon contact of water and cement composites. In this initial period take place reactions of wetting, dissolution and hydrolysis. Immediately upon contact of cement with water, ion-exchange appearances between the solid and liquid phases.
Formation of first hydration products develop a large amount of heat. The shape, size and position of the main peak depends on the amount of supplements in the cement composites. In the cement sample without the additions registered a very strong main peak, that with the increase of mud and mixture of mud and saturated zeolite becomes less pronounced. By increasing of supplements maximums become smaller, and occurrence of peak is moved towards later times of hydration. After a maximum period of deceleration followed by hydration which is characterized by a small amount of heat developed and reduced overall rate of hydration.
The Measurements of specific electrical conductivity allow monitoring of hydration process, structural changes and setting time of cement pastes and mortars. Electrical conductivity occurs under the influence of the motion of ions. When cement reacts with water, it liberates Ca(OH) 2 during the hydration process and leads to the complete decomposition of the alkali sulfate to K + , Na + and SO 4 2-ions. Conductometric maximum value depends on the number and mobility of the ions. The newly formed hydration products coated cement particles, leading to the formation of the insulating layer which prevents the movement of ions and reduces throughput. Consequently, the transformation of the monosulfate and Ettringite increase the osmotic pressure around the cement particles, which leads to cracking of the coating and the acceleration of hydration. 29, 30 This peak corresponds to the initial setting time of cement paste. Dependence of specific electrical conductivity on the hydration time of cement samples with the addition of the mud and mixture of mud and zeolite is shown in Figure 5 . Figure 5a shows the appearance of the conductivity maximum in the period of 95-550 minutes. Thermogravimetric analysis was used for determination of content of Portlandite (Ca(OH) 2 ) and chemically bound water. Based on the changes in mass of the sample in the temperature range 400-550 °C, it is possible to determine the content of Portlandite. Portlandite is the only product of hydration, with the exact chemical composition through which it is possible to monitor the hydration processes. Thermal decomposition of Ca(OH) 2 can be represented by the chemical reaction:
The weight loss from the reaction (1) corresponding to the loss of chemically bound water in this temperature range. From this loss, content of Portlandite can be determine according to equation 2:
where w(Ca(OH) 2 ) is content of Portlandite (wt. %), Δm 400-550 °C weight loss during the dehydration of calcium hydroxide, M(Ca(OH) 2 ) molar weight of calcium hydroxide and M(H 2 O) molar weight of water.
Content of chemically bound water (CBW) is determined by the hydrated samples in the temperature range from 50 to 850 °C according to equation 3:
where Δm 50-850 °C is weight loss in temperature range from 50-850 °C, Δm 50-105 °C weight loss in tempe- rature range from 50-105 °C, Δm 400-550°C weight loss in temperature range from 400-550 °C, Δm 650-800°C weight loss in temperature range from 650-800 °C and m sample mass of cement sample.
Results of the thermogravimetric analysis are shown in Table 3 and Figures 6 and 7 .
The results indicate that with addition of mud to Portland cement, the content of calcium hydroxide decreases, while CBW content increases. This indicates that there is a reaction between the resulting calcium hydroxide with zinc and other constituents from the mud. With addition of a mixture of saturated zeolite and mud to cement, the content of calcium hydroxide decreases more, while the content of CBW is increasing rapidly than with addition of the mud. Pozzolanic reaction between the active ingredients from zeolite and calcium hydroxide leads to decrease of calcium hydroxide content with increasing content of CBW. 21, 31, 32 Figures 8 and 9 showed calcium hydroxide content and initial setting time in dependence to the addition of mud and the mixture of mud and saturated zeolite.
The compressive strength development of mortars without addition and cement mortars with addition of mud and mixture of mud and waste zeolite is shown in Figure 10 . According to standard EN 197-1, early strength for OPC should be ≥ 20 MPa (after two days of hydration), and normalized strength after 28 days of hydration should be ≥ 42.5 MPa.
Results of measuring strength of mortars with addition of 2, 5, and 10 wt. % of mud indicate lower values of compressive strength compared to the reference sample without addition. With regard to the standard limit, additions up to 5 wt. % of mud satisfy these conditions. The addition of a mixture of mud and waste zeolite in the amount of 10, 20 and 30 wt. % leads to an even greater reduction in compressive strength compared to the reference sample. Standard limit satisfies only a sample containing 10 wt. % of mixture. In spite of the fact that the addition of zeolite reduces the negative effect of the mud on the hydration reactions, in case of compressive strengths zeolite shows the counter effect. From the results of determining the compressive strength, it is possible to calculate the compressive strength at any time of hydration of the tested supplements. Mathematical models are shown in Table 4 .
Example of calculation of compressive strength after 10 days of hydration of the sample with the addition of 2 wt. % of mud: t = hydration time after 10 days of hydration, c = 10.336ln(t) + 13.258 (4) c = 10.336ln(10) + 13.258 c = 37.06 MPa where c is compressive strength in MPa and t is time of hydration in days.
Conclussions
Based on the measurements and the obtained results it can be concluded:
-Microcalorimetric and conductimetric method enables continuous monitoring and determining the impact of various additives on the kinetic processes of hydration during early hydration.
-During the first 48 hours of hydration, increasing the amount of mud leads to the decline of heat of hydration, while the heat release rate maximums are shifted to later times of hydration. The partial replacement of cement with zeolite saturated with zinc ions, reduces the negative impact of supplements on the heat of hydration.
-Increasing the content of mud in cement composite slows down setting of composites, and the maximum of spec conductivity acquires lower values and move towards later times of hydration. Partial replacement of cement with zeolite reduces the negative effect of supplements on setting time.
-Thermogravimetric analysis shows that the addition of mud lead to reduction in the content of Ca(OH) 2 . The content of CBW increases with additions as indicated on the creation of new hydration products. Partial replacement of cement with waste zeolite due to pozzolanic reaction occurs less quantity of Portlandite with a concurrent increase in the contents of CBW.
-From the results of compressive strength of mortars with different additions of mud and mixture of waste zeolite and mud it can be concluded that the samples with the additions showed lower compressive strength than the sample without additions. With regard to the standard limits for this type of cement, mud shares are eligible to 5 wt. % and a mixture of waste zeolite and mud to 10 wt. %.
-Mathematical models are determined by which it is possible to calculate the compressive strength at any time of hydration for the questioned system.
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